Responses to the interspecies quorum-sensing signal autoinducer-2 (AI-2) regulate the patterns of gene expression that promote biofilm development. Escherichia coli also senses AI-2 as a chemoattractant, a response that requires the periplasmic AI-2-binding protein LsrB and the chemoreceptor Tsr. Here, we confirm, as previously observed, that under static conditions highly motile E. coli cells self-aggregate and form surface-adherent structures more readily than cells lacking LsrB and Tsr, or than DluxS cells unable to produce AI-2. This difference is observed both at 37 and 30 C. Cells deleted for the genes encoding the lsrACDBFG operon repressor (DlsrR), or the AI-2 kinase (DlsrK), or an AI-2 uptake channel protein (DlsrC), or an AI-2 metabolism enzyme (DlsrG) are also defective in biofilm formation. The Dtsr and DlsrB cells are totally defective in AI-2 chemotaxis, whereas the other mutants show normal or near-normal chemotaxis to external gradients of AI-2. These data demonstrate that chemotaxis to external AI-2 is necessary but not sufficient to induce the full range of density-dependent behaviours that are required for optimal biofilm formation. We also demonstrate that, compared to other binding-protein-dependent chemotaxis systems in E. coli, low levels (on the order of~250 molecules of periplasmic LsrB per wild-type cell and as low as~50 molecules per cell in some mutants) are adequate for a strong chemotaxis response to external gradients of AI-2.
INTRODUCTION
Bacteria rarely exist as individual cells in natural environments. They form complex surface-attached communities called biofilms, which are encased in an extracellular matrix composed of polysaccharides, proteins and nucleic acids. Living in a biofilm allows cells to capture and share nutrients more effectively and to gain protection against environmental challenges such as exposure to antimicrobial agents and attack by the host immune system. Biofilms form through a series of developmental stages. Planktonic cells first sense and attach to a surface, followed by their rapid growth and maturation to form a densely populated, three-dimensional biofilm community (reviewed in [1] [2] [3] [4] [5] ). Planktonic cells incorporate information from mechanical and chemical cues to initiate biofilm formation [6] [7] [8] . In motile Gram-negative bacteria, for example, flagellar rotation promotes surface sensing and reversible attachment by allowing cells to overcome surface-associated repulsive electrostatic and hydrodynamic forces [2, [9] [10] [11] [12] [13] .
Irreversible attachment of the cells is facilitated by turning off the expression of genes that promote free-swimming and turning on the expression of genes for synthesis of exopolysaccharides (EPS) and adhesins that promote attachment and biofilm maturation [9] . The changes in gene expression that induce these events are regulated, at least in part, by cell-to-cell signalling molecules. These signals communicate information regarding population density (quorum-sensing) as well as other factors in the microenvironment [14] [15] [16] . Perturbation of cell-to-cell signalling systems leads to defects in initial attachment and biofilm architecture [17] .
E. coli produces the cell-to-cell signalling molecule autoinducer-2 (AI-2) during active growth. It is synthesized by the enzyme LuxS as part of a pathway, which is present in many Gram-positive and Gram-negative bacteria, for recycling S-adenosyl methionine [18] . In E. coli, AI-2 neither regulates its own synthesis nor binds to cell surface or intracellular receptors to induce downstream signalling events. Instead, as shown in Fig. 1 , AI-2 is imported into the cell by the ABC transporter (LsrACDB), phosphorylated by the kinase LsrK, and then degraded into acetyl Co-A and dihydroxyacetone phosphate (DHAP) by the LsrG and LsrF enzymes [19] [20] [21] . Within the cell, phospho-AI-2 also binds to the repressor LsrR to induce transcription of the lsrACDBFG operon that expresses components of the uptake and breakdown pathways for AI-2 [21] .
The properties of this unique system fostered the idea that AI-2 plays different extracellular and intracellular roles in E. coli. Li et al. found that the LsrR and LsrK proteins perceive the internalized AI-2 signal and affect the expression of downstream genes that are involved in regulating aggregation, attachment and biofilm formation [22] . Bansal et al. then demonstrated that extracellular AI-2 is sensed as a chemoattractant by pathogenic enterohemorrhagic E. coli [23] . Chemotaxis toward exogenous AI-2 is indirect, requiring the periplasmic AI-2-binding protein LsrB and the L-serine chemoreceptor Tsr (Fig. 1 ). AI-2 chemotaxis is independent of its uptake into the cell [24] . Fig. 1 . Schematic representation of the AI-2 pathways in E. coli. The last step in AI-2 biosynthesis from S-adenosylhomocysteine (SAH) is catalysed by the LuxS enzyme, and AI-2 is exported from the cell through the TqsA transporter. AI-2 that enters the periplasm can be bound by the periplasmic AI-2-binding protein LsrB, which can then either interact with the Tsr chemoreceptor to transmit an attractant (CheA kinase-inhibiting) attractant signal or with the LsrACD channel to initiate AI-2 uptake. Internalized AI-2 is phosphorylated by the LsrK kinase, and phospho-AI-2 either binds LsrR to induce transcription of lsrACDBFG and lsrRK operons or is degraded by LsrFG to DHAP and acetyl CoA.
In 2016, Laganenka et al. [25] published a demonstration that chemotaxis to AI-2 and the ability to produce AI-2 are both involved in cell aggregation in E. coli. As expected, based on the work of Hegde et al. [24] , they showed that both the AI-2-binding protein LsrB and the serine chemoreceptor Tsr contribute to this effect. A DluxS mutant unable to synthesize AI-2 was also defective in aggregation, whereas a mutant lacking the membrane protein LsrC that is part of the AI-2 uptake system and is dispensable for chemotaxis to AI-2 [24] aggregated near normally. Their study went on to discuss the systems that mediate cell-to-cell-contact during aggregations and to analyse some of the physiological benefits, such as resistance to H 2 O 2 that aggregation confers.
In another organism, Helicobacter pylori, chemotaxis to AI-2 plays an opposite role in biofilm formation. Because it serves as a chemorepellent for H. pylori [26] , chemotaxis to AI-2 promotes dispersal of cells from a biofilm [27] . Nonetheless, chemotaxis away from AI-2 also involves a membrane-associated chemoreceptor, TlpB, and two periplasmic-binding proteins of previously unknown function, AibA and AibB. The versatility of microbial evolution never ceases to amaze.
We undertook this study to determine what role other members of the Lsr constellation of proteins play in biofilm formation, both in the initial aggregation phase as well as in the later stage of producing stably surface-attached biomass. We correlated aggregation with the ability to respond to external gradients of AI-2 and found that many mutants that show normal chemotaxis to AI-2 are defective in selfaggregation and/or production of surface-attached biomass. While quantifying the amounts of periplasmic LsrB protein in different mutants, we discovered that in wild-type cells that are maximally active in chemotaxis to external AI-2 there are~250 molecules per cell. The DluxS and DlsrK mutants had about fivefold lower levels of LsrB per cell than the wild-type, but they still performed normal or nearly normal, respectively, chemotaxis to external gradients of AI-2. These levels are roughly 100 times lower than those required for good chemotaxis to attractants sensed by other E. colibinding proteins. In consequence, we propose that Tsr must have a high affinity for AI-2-bound LsrB and that the paradigm for sensing molecules of quorum signals are very different than those for sensing molecules of nutrients such as sugars or dipeptides.
METHODS
Bacterial strains E. coli RP437 [28] was the wild-type (WT) strain used in this study. All other strains used are listed in Table 1 . Isogenic deletion strains of E. coli RP437 were made by first replacing the gene of interest with a kanamycin resistance gene (Kan r ) cassette [29] using P1 phage transduction [30] . The Kan r cassettes were then eliminated using FLP recombination to obtain clean, non-polar deletion strains [31, 32] . All strains were transformed with the GFP-expressing (gfpmut3*) plasmid pCM18 [33] for the aggregation and 96-well biofilm assays.
The lsrA, lsrC and lsrD kanamycin cassette insertion strains expressed about fourfold higher levels of LsrB than the wild-type or corresponding clean deletion strains (Fig. S1 , available in the online version of this article). As mRNA levels from genes 3¢ of the kanamycin cassette insertion were also elevated, we conclude that there is significant readthrough transcription out of the kanamycin cassette into downstream genes. This circumstance should be kept in mind when working with mutants in which kanamycin cassettes inserted into a 5¢ gene in an operon could increase the levels of expression from downstream genes.
Growth media and chemicals
Overnight cultures were either grown in tryptone broth medium (TB; 10 g l À1 tryptone, 8 g l À1 NaCl) or lysogeny broth medium (LB; 10 g l À1 tryptone, 10 g l À1 NaCl, 5 g l
À1
yeast extract) at 30 or 37 C with swirling at 250 r.p.m., with the temperature chosen the same as for the assay to be carried out with cells back-diluted from the overnight cultures. All strains for growth measurements were incubated at 30 C with swirling at 250 r.p.m. in TB medium for OD 600nm growth measurements. AB minimal medium supplemented with 0.5 % casamino acids (BD Biosciences, USA) and 2.5 mg ml À1 thiamine hydrochloride (Alfa Aesar, USA) (ABTCAA) [34] was used for observing aggregation and in the 96-well biofilm assay. Overnight culture media contained 100 µg ml À1 erythromycin (VWR, USA) to maintain pCM18. No antibiotics were added to the medium for the other assays. Chemically synthesized DPD (linear form of AI-2, spontaneously converts to cyclized forms) purchased from Dr Rita Ventura at ITQB, Oeiras, Portugal [35] and L-serine (VWR, USA) were used in capillary assays. 
Quantification of attached biofilm biomass
Biofilm biomass attached to the polystyrene microtitre plate was determined using the 96-well biofilm assay as previously described [36] . Briefly, strains were grown to saturation in LB medium with 100 µg ml À1 erythromycin. The cultures were diluted to 10 7 cells ml À1 in ABTCAA medium, introduced into the wells, and the plates were incubated in a humidified chamber. Unattached cells were discarded, the wells were rinsed once with distilled water, and the attached biomass was stained with 0.1 % crystal violet (CV). The CV stained biomass was solubilized in 33 % acetic acid, and the absorbance was read at 590 nm using a microplate reader (Molecular Devices, USA).
Observation of aggregation on the surface Overnight saturated cultures of cells were diluted to 10 7 cells ml À1 in ABTCAA medium and introduced into non-coated 96-well polystyrene microtitre plates (Costar; Corning, USA). Fluorescence microscopy (Carl Zeiss Axiovert 200M inverted microscope; 20Â objective; total magnification=200Â) was performed to obtain two-dimensional images of aggregation on the bottom surface of the wells.
Processing and analysis of aggregation images
Cells of the same biological replicate were imaged in different plates at the specified time points using a constant exposure time. All images were batch processed using the 'auto adjust colours' option in IrfanView (Irfan Skiljan, www. irfanview.com/) to obtain uniform contrast enhancement in the images. A simple code written in Matlab R2016b (Mathworks, USA) was used to quantify the differences in aggregation between the strains. Briefly, the analysis consisted of the following steps. (i) The raw greyscale images were thresholded using the Otsu filtering method to generate binary images; high intensity pixels were set to 1 (white), and low intensity pixels were set to 0 (black). (ii) Objects were then constructed by grouping each white pixel from each threshold image into an object (each object is composed of a set of connected white pixels). (iii) Objects above a certain size (in number of pixels) for each image were identified, and the aggregate number of pixels in those objects was summed and divided by the total number of pixels with a threshold of 1 in the corresponding image. This ratio, termed fraction of pixels in aggregates, was plotted for each strain to facilitate comparison of aggregation among the strains.
Vibrio harveyi bioluminescence assay V. harveyi strain TL-26 was used to detect AI-2 accumulation in the 96-well biofilm bulk medium, using a previously described method [37] . Briefly, 100 µl of culture fluid was collected from the well at the desired time point and centrifuged at high speed. 10 % of the cell-free supernatant was added to 90 % of the TL-26 culture (1 : 5000 in AB medium) in an opaque white 96-well plate (Greiner Bio-One, USA) and incubated at 30 C for 4 h. Luminescence from each well was read using the Mithras LB940 Multimode Microplate reader (Berthold, USA). Luminescence output from the reader is expressed as relative light units per second (RLU s
À1
). Luminescence output of the control wells (ABT-CAA medium only) was negligible at this time point. The luminescence of the samples is represented as the fold induction in bioluminescence, which is obtained by background normalizing the sample RLU s
.
Chemotaxis capillary assays
Capillary assays for quantifying chemotaxis behaviour were carried out as previously described [38] , with the following modifications for preparing cells before introducing them into chemotaxis chambers. Cells were grown in TB at 30 C with shaking at 250 r.p.m. to OD 600nm of 0.5 and then centrifuged at 600 g for 10 min, followed by gentle resuspension in an equal volume of chemotaxis buffer (CB; 1X phosphate-buffered saline, 100 µM EDTA, 1 µM L-methionine, and 10 mM lactic acid, pH 7.4). The tubes were then placed on a low-speed tube roller at 30 C for 15 min before being introduced into the chemotaxis chambers. The chemotaxis response is expressed as the number of cells accumulated in the capillary after incubation for 45 min at 30
C. The accumulation of cells in capillaries containing only CB were subtracted from the accumulation of cells in capillaries containing CB plus attractant.
Swim-plate assay for observing chemotaxis and motility All strains were grown in TB medium with 100 µg ml À1 erythromycin for 16 h at 30 C with shaking at 250 r.p.m. 2.5 µl of each culture was placed on the surface of freshly poured 0.3 % TB agar plates. Plates were incubated at 30 C for 16 h, at which time the diameter of the outer chemotaxis ring (cm) was measured. The plates were imaged using the ChemiDoc Touch Imaging System (BioRad, USA). The contrast in the images was adjusted to enhance the visibility of the chemotaxis rings.
Purification of E. coli LsrB for antibody production His-tagged E. coli LsrB expressed from pET15b-lsrB (plasmid provided by Frederick Hughson, Princeton University) in strain BL21(DE3) was purified and used to generate antibody against LsrB. Briefly, the strain was induced with 3 mM IPTG (VWR, USA) and grown to saturation in the LB medium supplemented with 100 µg ml À1 ampicillin. Harvested cells were freeze-thawed and resuspended in equilibration buffer (50 mM Tris base, 0.3 M NaCl, pH 8.0). Cells were lysed by sonication and pelleted by centrifugation at 10 000 g, and the clear supernatant was run through a column containing equilibrated Ni-NTA resin (Qiagen, USA; bed volume=5 ml). The column was washed with equilibration buffer, and a 0-500 mM imidazole gradient was flowed through the column to elute LsrB-His. As this fraction had some contaminants that were smaller than the size of the LsrB protein, we passed it through a HiLoad Superdex 75 PG column (GE Healthcare Life Sciences, USA) to separate LsrB from the contaminants. The His-tag was cleaved using Thrombin CleanCleave (Sigma-Aldrich, USA). Histag free LsrB protein was sent to Bethyl Laboratories (Texas, USA) for polyclonal antiserum production in goat. The IgG fraction was purified using Protein A Magnetic Beads (NEB, USA) and used for detecting LsrB in cell extracts.
Osmotic shock for periplasmic protein extraction Periplasmic fractions were extracted from cells using the osmotic shock protocol developed by Heppel [39, 40] . Briefly, cells were grown to OD 600nm =0.5 at 30 C in the TB medium with swirling at 250 r.p.m., harvested by centrifugation, and resuspended in 100 ml of osmotic shock buffer (30 mM pH 8.0 Tris-HCl, 20 % sucrose, 1 mM pH 8.0 EDTA). After 10 min of incubation at room temperature, the suspension was centrifuged and the pellet was resuspended in ice-cold ultrapure water to release the periplasmic contents. The suspension was centrifuged again, and the supernatant was carefully collected and concentrated to 1 ml using a 10000 MWCO centrifugal filter (Millipore, USA). Total protein concentration was determined using the BCA assay (Thermo Scientific, USA).
Immunoblotting for detection of LsrB
Equal amounts (10 or 20 µg, as specified in each figure) of total protein from osmotic shock preparations were loaded into the wells of 10 % Mini-Protean TGX StainFree Protein Gels (BioRad, USA). The proteins were separated using SDS-PAGE, as previously described [41] , followed by wet transfer (Mini-Trans Blot Electrophoretic Transfer Cell, BioRad, USA) onto low fluorescence PVDF membrane (Thermo Scientific, USA). The membrane was first blocked with blocking buffer [3 % non-fat dry milk; TBST (10 mM pH 7.5 Tris-HCl, 100 mM NaCl, 0.1 % Tween 20)], followed by incubation with primary LsrB antibody (1 : 2500 in blocking buffer) and then secondary anti-goat HRP antibody (Sigma-Aldrich USA; 1 : 50 000 in blocking buffer). Incubations were performed at room temperature with continuous agitation. The membranes were washed thoroughly with TBST (3Â, 5 min each) after incubation with primary and secondary antibodies. A StainFree blot image showing total protein in each lane was captured using the ChemiDoc Touch Imaging System (BioRad, USA). The blot was developed using Clarity ECL substrate (BioRad, USA), and a chemiluminescent image was acquired. ImageLab software (BioRad, USA) was used to determine the normalized volume intensity of the chemiluminescent bands (normalized to the respective lane total protein obtained from the StainFree blot image).
RESULTS
The role of AI-2 chemotaxis in biofilm formation at 37 C E. coli strains lacking the AI-2 synthesis enzyme LuxS, the AI-2 kinase LsrK or the lsr operon repressor LsrR have been reported to be defective in biofilm formation [22, 42, 43] . AI-2 is also a chemoattractant for E. coli [24] . These related observations led us to ask how chemotaxis to AI-2 influences the early stages of biofilm formation.
We therefore compared the biofilm forming ability of our wild-type E. coli RP437 strain (WT) with strains defective in AI-2 chemotaxis because they lack LsrB or the chemoreceptor Tsr [24] . Analysis of the crystal violet absorbance data (Fig. 2) shows that more biomass attaches stably to the polystyrene wells with the WT strain relative to DlsrB and Dtsr mutants after 24 h of incubation at 37 C. These data suggest that knocking out the components required for sensing AI-2 as an attractant decreases adherence to an abiotic surface. A DluxS mutant shows a nearly identical decrease in the attached biofilm biomass as the DlsrB and Dtsr mutants.
Biofilm formation by mutants defective for AI-2 uptake, metabolism or regulation of the lsrACDBFG operon Published results [22] indicate that DlsrR and DlsrK mutants, which have aberrant regulation of the lsrACDBFG operon, should be defective in biofilm formation. To confirm this prediction and to extend it to mutations affecting AI-2 uptake and metabolism, we measured biomass accumulation in DlsrR and DlsrK mutants as well as DlsrC and DlsrG mutants defective in AI-2 uptake and metabolism, respectively (Fig. 2) . All of these strains were about equally deficient in accumulation of surface biomass relative to the WT.
Strains depleted for production of surface-attached biomass are also defective in self-aggregation Laganenka et al. [25] previously reported that AI-2 chemotaxis is required for optimal self-aggregation of strain W3110 of E. coli at 37 C. We therefore tested whether the DlsrB, Dtsr and DluxS mutants of strain RP437 are also impaired in the early stages of cell aggregation at 37 C. We used fluorescence microscopy to observe the behaviour of Fig. 2 . Quantification of surface-attached biofilm biomass using the 96-well biofilm assay. All strains were grown in 96-well microtitre plates as described in Methods. Crystal violet absorbance data shown are averages of six independent replicates. Error bars represent the standard error of the mean of the replicates. GFP-tagged cells on the bottom surface of wells in a polystyrene microtitre plate over a period of 12 h. As seen in the images in Fig. 3(a) , WT RP437 cells begin to form substantial self-aggregates within 2 h of incubation. These aggregates continue to grow over time, transitioning from aggregates at 2-4 h into connected, three-dimensional structures by 8-12 h. The aggregates formed by DlsrB, Dtsr and DluxS strains were smaller and less numerous at 2 and 4 h. The aggregates formed by these strains increase in size and number between 8-12 h, but they lack the larger, seemingly three-dimensional structures observed in WT cells.
Strain RP437 is more motile, and hence performs better chemotaxis, at 30 C than at 37 C. In order to compare chemotaxis ability with biofilm forming ability directly, we thus repeated the self-aggregation experiment at 30 C. The results are shown in Fig. 3(b) . The same trends are shown at 30 C as at 37 C, and the differences are perhaps even more clear at 30 C.
We analysed the fluorescent images using a Matlab program to quantify the observed differences among the strains. A threshold aggregate size of 250 pixels was used to identify aggregates larger than~25 cells in the images (a cell is about 10 pixels). We used the same threshold size for all the time points to account for cell division and growth over time and for the recruitment of additional planktonic cells to the growing aggregates. A histogram depicting the fraction of pixels in aggregates in the strains at the different time points of incubation at 37 C is shown in Fig. 3(c) . As expected, the fraction of pixels in aggregates larger than the threshold size increases over time for all the strains. Between 2-4 h, 30-60 % of pixels in the WT images are present in aggregates. In comparison, only about half as many (~17-35 %) of the pixels in the DlsrB and Dtsr strains are present in aggregates. These values are similar to those seen with the DluxS strain. The differences in self-aggregation among the strains beyond 4 h was difficult to quantify, as the cell aggregates began to grow in three dimensions. The images in Fig. 3(a,  b) , although two-dimensional projections, give a quantitative visual impression of multiple layers of cells. A difference in the organization of the aggregates can be seen in all of the knockout mutants in comparison to WT, supporting our hypothesis that defects in early aggregation lead to delayed formation of mature biofilm.
The responses of the DlsrB, Dtsr and DluxS strains in the self-aggregation assay were very similar, and the surface biomass accumulation of these strains was very similar to those of the DlsrC, DlsrG, DlsrK and DlsrR mutants (Fig. 2) . Time constraints made it impractical for us to carry out the aggregation analysis with these mutants. However, the strong correlation between decreased biomass accumulation and delayed self-aggregation of the DlsrB, Dtsr and DluxS mutants suggest that aggregation would be delayed similarly with the DlsrC, DlsrG, DlsrK and DlsrR mutants.
AI-2 accumulation in the bulk medium
To determine how much AI-2 is present in the bulk medium under our growth conditions at 37 C, we assayed the overlaying liquid from the 96-well biofilm assay plates for AI-2. We used the V. harveyi bioluminescence assay for AI-2 detection [44] . Upon sensing AI-2 present in the medium, V. harveyi produces light that can be detected using a luminometer. This assay is strictly qualitative, as a number of factors, including pH and nutrient composition, affect the extent of light production [45] . As seen in Fig. 3(d) , no AI-2-dependent light emission was seen at 4 h with any of the strains and was detected only with the DlsrB mutant, which is defective in AI-2 uptake, at 8 h. AI-2 was detected with all except the DluxS strain at 12 h, but in lower amounts with the WT and Dtsr mutant than with the DlsrB mutant. Thus, the WT cells start to aggregate long before there is a significant accumulation of AI-2 in the bulk medium.
These data do not indicate that no AI-2 is produced at earlier time points. The result with the DlsrB strain supports this idea, because the AI-2 produced by the WT (and Dtsr) strains may be sequestered in the periplasm by LsrB, either before it leaves the periplasm in the cells that produce it or after it is taken up into the periplasm from the external medium. In strains having an intact AI-2 uptake system, AI-2 may also be imported into the cytoplasm, phosphorylated and degraded. It is also possible that some AI-2 may become trapped in the EPS matrix that begins to form, although at early stages of aggregation the amount of EPS is probably not high.
Defects in biofilm formation are not due to defects in growth or general chemotaxis The defects in biofilm formation were not due to changes in growth rate or motility of the strains. As seen in Fig. 4(a) , the growth rates of the WT and all of the mutant strains in TB at 30 C are similar. The growth rates are also similar in ABTCAA medium when they are grown with shaking at 30 C, but the cultures reach saturation at OD 600nm =0.5. The cells of all strains grown in TB at 30 C also appeared equally vigorously motile when observed under the microscope. The formation of chemotaxis rings in 0.3 % TB agar was comparable for the WT, DlsrB and DluxS strains, as seen in Fig. 4(b) . Thus, the Tsr-mediated serine chemotaxis response of the DlsrB and DluxS mutants is normal. The Dtsr mutant cannot sense a serine gradient, and hence it lacks the outer serine chemotaxis ring formed by the other strains and forms a colony of smaller diameter. DluxS strains were grown to the specified time points, and culture fluids were collected from the bulk medium in the wells as described in Methods. Fold induction in bioluminescence over background is represented in the histograms. Data shown are averages of three independent replicates. Error bars represent the standard error of the mean of the replicates.
Response to external AI-2 gradients of cells defective in biofilm formation
We employed the capillary assay to test the ability of the strains tested for biofilm formation plus DlsrA, DlsrD and DlsrF mutants for chemotaxis to external gradients of AI-2.
Only the DlsrB and Dtsr mutants were totally defective (Fig. 5a ). The DluxS mutant (Fig. 5a ) and all of the other lsr mutants except DlsrK responded exactly like WT (Fig. 5b,  c) . Even the DlsrK mutant was only moderately (~20-30 %) impaired for accumulation in capillaries containing less than 1 mM AI-2, and it accumulated indistinguishably from WT cells in capillaries containing 1 mM AI-2. All of these cells responded well to 10 mM L-serine in the capillary assay (Fig. S2) .
Levels of periplasmic LsrB protein in mutant strains
Periplasmic proteins can selectively be released from cells by osmotic shock [39, 40] . We therefore prepared osmotic shock fluid from all of the strains grown in TB with shaking at 30 C to OD 600nm =0.5, the same conditions used to grow cells for the capillary assay. Immunoblotting was performed on equal amounts (20 µg) of total protein from these samples (Fig. 6a, b) . The antibody was pure, as no cross-reacting band was seen with the DlsrB mutant. The amount of LsrB protein in WT cells at this stage of growth was an average of~240±75 molecules per cell. (See Fig. S3 for the calculation.) The average LsrB content was quite similar (within twofold) with mutants missing other components of the AI-2 uptake system (DlsrA, DlsrC and DlsrD) and with a mutant lacking the second component of the phospho-AI-2 degradation pathway (DlsrF).
We also measured the amount of periplasmic LsrB in the original kanamycin cassette insertions in genes upstream of lsrB (lsrA, lsrC and lsrD). The levels of LsrB were elevated 3.4-to 4.5-fold relative to the amounts found with the WT strain or with the clean deletion mutants (Fig. S1 ). qRT-PCR measurements of mRNA levels also showed increased levels of mRNA from downstream genes in the kanamycin cassette strains relative to the corresponding clean deletion strains (data not shown). We conclude that there must be substantial read-through transcription from the kanamycin cassette into downstream (3¢) genes in the operon.
The levels of LsrB in the DluxS and DlsrK mutants, which are unable to make or to phosphorylate AI-2, respectively, had very low levels of periplasmic LsrB (~20 % of the WT level). The DlsrR mutant, which lacks the repressor of the lsrACDBFG operon, had a level of periplasmic LsrB over sevenfold higher than WT cells. The DlsrG mutant, which lacks the enzyme that carries out the first step in the degradation of phospho-AI-2, the inducer of the lsrACDBFG operon, had a level of periplasmic LsrB threefold higher than WT cells, presumably because it accumulates phosphorylated AI-2 intracellularly. Thus, the maximum range of induction of LsrB is 30-to 40-fold from the fully repressed state in the DluxS and DlsrK strains to the fully derepressed level in the DlsrR strain. Yet, all of these strains except the DlsrK mutant show identical chemotaxis responses to external gradients of AI-2, and even the DlsrK mutant is only moderately impaired. Expression of LsrB as a function of growth phase Fig. 6(c) shows the relative levels of periplasmic LsrB as a function of growth of RP437 cells in TB at 30 C. The level is low at OD 600nm =0.3 (not shown), increases at OD 600nm =0.5, remains the same or even decreases at OD 600nm =0.7, and increases greatly at OD 600nm =0.9, as the cells begin to reach stationary phase. The ability to respond to external gradients of AI-2, as measured in the capillary assay, does not correlate at all with the abundance of LsrB, as the peak response is seen at OD 600nm =0.5 and drops off rapidly at higher cell densities (Fig. S4a) . This is not due to a general defect in motility or chemotaxis, as the response to L-serine in the capillary assay remains relatively constant (Fig. S4b) . A likely explanation is that increasing accumulation of AI-2 in the periplasm of the cells that are producing it occupies the periplasmic LsrB protein so that changes in the external concentration of AI-2 can no longer be sensed by the chemotaxis system.
DISCUSSION
In this study, we demonstrate that the early stages of biofilm formation in E. coli RP437 require both AI-2 chemotaxis and the ability of cells to internalize and process AI-2 (Figs 3 DlsrA, lsrC and lsrD mutants lack the uptake system for AI-2, and the DlsrF and lsrG mutants lack the enzymes for degrading phosphorylated AI-2 in the cytoplasm. All of these lsr mutants respond to external AI-2 just like the WT. (c) Accumulations of WT cells in comparison with accumulations of DlsrK and DlsrR mutant cells. The DlsrR mutant lacks the repressor for the lsrACDBFG operon. Its response to external AI-2 is just like that of the WT, whereas the DlsrK mutant, which cannot phosphorylate internalized AI-2, has a somewhat defective response between 1-100 µM AI-2. Error bars represent the standard error of the mean for three independent replicates. and 6). Our results support observations by Park et al. that showed, under restrictive conditions, that cells depend on Tsr-dependent chemotaxis to aggregate [46] and that the aggregation might be mediated by attraction to self-released molecules. AI-2 is a self-attractant, as recently shown by Laganenka et al. [25] , and sensing it requires both LsrB and Tsr [24] . It is, therefore, likely that the deficiency in aggregation of the Dtsr and DlsrB mutants is a result of the inability of cells to sense AI-2 and promote attraction to one another.
The DluxS mutant, which cannot synthesize AI-2, is also defective in aggregation. It responds normally to external gradients of AI-2. However, as the DluxS strain presumably produces all other self-generated attractants besides AI-2, this result demonstrates that none of these other molecules is sufficient to induce self-aggregation. The DluxS strain also has other metabolic defects in addition to the absence of AI-2, and these could potentially contribute to its defective biofilm development [47, 48] . It is possible that the DlsrB and Dtsr mutations may also have pleiotropic effects that were not investigated in this study.
We used the V. harveyi bioluminescence assay to detect AI-2 in the biofilm bulk medium to determine when extracellular AI-2 begins to accumulate. AI-2 was not detected prior to 8 h with any strain (Fig. 3d) . This does not mean that the cells are not producing AI-2, as it could either be trapped in the EPS matrix that they begin to produce or be internalized by the cells. Laganenka et al. found that cells containing a P lsr -egfp-expressing vector that produces GFP in response to the presence of AI-2 is more active in aggregates than in planktonic cells [25] , so it remains possible that some AI-2 is localized in the aggregates prior to the time points it was detected in the bulk medium.
Several studies have suggested that aggregation leads to the establishment of locally high cell densities that exceed the threshold necessary for initiating cell-to-cell signallingdependent biofilm formation [47, 48] . Flagellar rotation has been implicated in triggering cell-to-cell interactions by altering hydrodynamic conditions surrounding cells [49] . Chemotaxis regulates the migration of planktonic cells by causing changes in the direction of flagellar rotation [50, 51] . It is therefore possible that changing patterns of flagellar rotation may promote interactions among cells, as well as between cells and the surface, that are important during the initial stages of biofilm development [52] . Our results support this view, as strains that were defective in AI-2 chemotaxis and aggregation during early stages of biofilm development also had lower surface-attached biofilm biomass (Fig. 2) .
Cells that lack the ability to take up, process or breakdown AI-2, although normal in their response to external gradients of AI-2 (Fig. 5b, c) , are defective in biofilm formation (Fig. 2) . These results suggest that AI-2 chemotaxis per se is insufficient to promote self-aggregation and surface attachment, and that AI-2-dependent steps subsequent to selfattraction by local AI-2 gradients are also important for optimal biofilm formation.
The dependence of AI-2 chemotaxis on periplasmic AI-2 concentration Periplasmic-binding proteins that serve as components of indirect chemoreceptor systems are generally required in large amounts for optimal chemotaxis to occur, and this is generally accomplished by having the chemoeffector induce the synthesis of the binding protein. The phenomenon has been studied most thoroughly with maltose-binding protein (MBP; [53] ). Even at very high levels of MBP production, the maximal attractant response to maltose is not achieved, presumably because of the very low affinity of maltoseloaded MBP for its cognate Tar chemoreceptor (estimated in vivo K D of 220 µM; [54] ).
In all of the other binding-protein-dependent chemotaxis systems in E. coli, the natural substrates for the binding proteins are nutrients. It is therefore selectively advantageous for cells to move to areas containing concentrations of nutrients that can saturate the capacity for transport and metabolism. As AI-2 is primarily a biological signal rather than a nutrient, this same selective advantage of swimming to saturating concentrations does not necessarily apply, and we were therefore interested in determining how much LsrB protein is required for good AI-2 chemotaxis. We performed osmotic shock to release periplasmic proteins and quantified by immunoblotting, calibrated with purified LsrB, the amount of LsrB present per cell in each of the strains tested for chemotaxis.
A striking finding is that at the time when cells are most active in chemotaxis to external AI-2 gradients (OD 600nm of 0.5 in TB; see Fig. S4 ) they have relatively little periplasmic LsrB (Fig. S3 ), 240±75 LsrB molecules per cell. In comparison, if the ratio of Tsr to Tar is about 1 : 2 in cells grown in TB to OD 600nm of 0.5, as reported [55] , and if there are~14 000 molecules of Tar +Tsr in cells grown in TB medium [56] there should be~5 000 molecules of Tsr monomer, and thus 2500 molecules of Tsr dimer, the unit that presumably interacts with LsrB. These ratios suggest that there is about a 10-fold higher level of Tsr-binding sites for LsrB than there are LsrB molecules. The DlsrR mutant, which lacks the repressor for the lsrACDBFG operon, has 7.5-fold higher levels of LsrB than the WT, or about~1800 molecules per cell. In contrast, the DluxS and DlsrK mutants have fivefold lower levels of LsrB in their periplasm, corresponding to~50 molecules per cell. All of these mutants except DlsrK responded like WT to AI-2 in the capillary assay (Fig. 5a) , and the lsrK mutant had an only slightly diminished response (Fig. 5c ).
The implication of these results is that AI-2-bound LsrB has a high affinity for Tsr. It may even be that some apo LsrB, still in the 'open' state [57] , is already bound to Tsr. If so, the LsrB/Tsr complex would form a unique 'compound' chemoreceptor ready to respond very quickly to the introduction of AI-2 into the periplasm.
Why does AI-2 chemotaxis diminish at later stages of growth? It is apparent that the maximum sensitivity to external AI-2 gradients occurs when cells have not yet begun to accumulate AI-2 ( Fig. 3d) and when the cellular level of LsrB protein is far from its maximum (Fig. 6c) . These data suggest that there are two stages to the response to AI-2 that lead to biofilm formation. Highly motile planktonic cells, still at low cell density, producing little AI-2, and containing relatively low levels of LsrB in their periplasm, are maximally sensitive to external gradients of AI-2. This response could lead either to those cells being attracted to pre-existing, AI-2-producing biofilms or to self-aggregation, with cells that are farther along in the developmental pathway secreting AI-2 and serving as foci for aggregation of planktonic cells.
As aggregation proceeds, cells within the aggregate may accumulate higher levels of AI-2 and express the genes of the lsrACDBFG operon at higher levels. The levels of AI-2 produced by the cells at this stage may be high enough to saturate the LsrB present in the periplasm, so that the cells can no longer sense changes in external AI-2 concentration. This phenomenon may result in resetting the developmental pathway to favour the expression of genes whose products are important for biofilm formation. We also note that AI-2 is produced by many Gram-negative and Gram-positive bacteria, so that chemotaxis to AI-2 may be an important factor in the attraction of planktonic E. coli cells to mixed species biofilms, which are, of course, prevalent in nature. In summary, it is worth considering that cell-to-cell signalling molecules may play sequentially different roles in group behaviour as a developmental pathway unfolds. 
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